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HIGHLIGHTS 


►  The  m-SiO  is  prepared  using  heat  treatment  followed  by  mechanical  milling. 

►  The  m-SiO  is  composed  of  nano  Si  embedded  in  a  Si-suboxide/amorphous  Si02  matrix. 

►  Ex-situ  XRD  and  HRTEM  have  been  performed  to  investigate  the  reaction  mechanism. 

►  The  mio-SiO  electrode  exhibited  ~1000  mAh  g  1  over  50  cycles. 
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An  anode  material  with  improved  electrochemical  performances  for  Li-ion  batteries  is  prepared  using 
the  disproportionation  reaction  of  SiO  followed  by  a  high  energy  mechanical  milling  process.  The 
modified  SiO  is  composed  of  embedded  Si  nano-crystallites  in  a  Si-oxide  matrix.  Si-oxide  matrix  could  be 
divided  into  two  parts  by  reactivity  with  Li-ion.  The  inactive  Si-suboxide  matrix  would  buffer  the  volume 
expansion  of  embedded  Si  nano-crystallites  and  active  amorphous  Si02  during  the  lithiation.  This 
modified  SiO  electrode  shows  a  large  reversible  capacity,  close  to  1000  mAh  g_1,  and  good  cyclability, 
over  50  cycles. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Many  studies  have  been  conducted  recently  to  enhance  elec¬ 
trochemical  properties  of  Li-ion  batteries  (LIBs),  which  are  used 
widely  in  various  electronic  devices.  The  applications  of  LIBs  have 
expanded  into  large  units  such  as  electrical  vehicles  and  storage 
units,  which  demand  much  higher  electrochemical  performances, 
such  as  high  power  or  large  reversible  capacity.  Presently, 
conventional  LIBs  employ  a  carbonaceous  material  for  anode 
material.  However,  carbonaceous  anodes,  especially  graphite 
anodes  have  a  small  reversible  capacity  (LiCe:  372  mAh  g1)  and 
a  poor  rate  capability  [1—3],  and  are  not  suitable  for  the  new  large 
units  applications.  Instead,  Si-based  materials  have  been  studied 
actively  because  of  the  potential  for  use  as  Li-ion-battery  anode 
material.  Si  has  a  very  large  theoretical  capacity  (at  room  temper¬ 
ature:  Lii5S4:  -3600  mAh  g-1)  at  room  temperature  and  a  low 
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operating  voltage  [4-9].  However,  in  general,  there  are  some 
problems  in  Si-based  systems,  such  as  drastic  capacity  fading  due  to 
a  large  volume  change  during  the  cycling  and  poor  electrical 
conductivity  [7-9]. 

Among  the  Si-based  systems,  SiO  is  one  of  the  most  attractive 
because  of  its  high  capacity  and  unique  microstructure  [10-18]. 
Solid  SiO  is  thermodynamically  unstable  at  all  temperatures,  and 
various  models,  such  as  a  random  bonding  (RB)  model  [19], 
a  random  mixture  (RM)  model  [20]  and  a  Si-suboxide  matrix 
concept  [21,22]  have  been  suggested.  Although  these  models  are 
still  controversial,  the  Si-suboxide  concept  suggests  that  the  SiO 
consists  of  amorphous  Si  and  amorphous  Si02  clusters  surrounded 
by  the  Si-suboxide  matrix.  Because  of  this  unstable  state  of  solid 
SiO,  the  SiO  could  be  transformed  into  a  Si  and  Si02  during  heat 
treatment  and  is  called  a  disproportionation  reaction  [12,23,24]. 
Disproportionated  SiO  (d-SiO)  is  constituted  of  nano-crystallite  Si 
and  an  amorphous  Si-oxide  matrix.  The  microstructure  of  d-SiO 
heat  treated  at  1200  °C,  in  particular,  looked  like  a  frog-spawn 
structure,  with  the  Si  nano-crystallites  embedded  in  the  amor¬ 
phous  Si-oxide  matrix  [12].  d-SiO  showed  different  electrochemical 
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Fig.  1.  Schematic  illustration  of  the  concept  and  preparation  of  m-SiO. 


properties  depending  on  the  heat-treatment  temperature  [12].  It 
should  be  noted  that  the  reaction  mechanism  of  SiO  is  still 
controversial  in  many  previous  studies,  such  as  those  focused  on 
the  formation  of  a  new  phase  (L^O,  Li-Si  alloys  and  Li-silicates), 
the  reversibility  of  the  phases,  and  the  quantitative  ratio  of  the 
final  products  [13-18]. 

In  this  work,  SiO  was  disproportionated  by  heat  treatment  and 
modified  using  a  high-energy  mechanical  milling  (HEMM)  process 
to  enhance  electrochemical  properties  for  application  as  an  anode 
material  for  LIBs.  The  HEMM  method  is  a  very  simple  process  to 
reduce  the  particle  size  and  to  break  the  microstructure  of  material 
that  may  influence  the  electrochemical  properties  of  other  mate¬ 
rials  [25—27].  The  active  material— inactive  matrix  composite 
concept  was  applied  to  modify  the  d-SiO  using  HEMM  method  (m- 
SiO),  which  could  improve  the  cyclability  of  electrodes  since  the 


inactive  matrix  could  act  as  a  buffering  matrix  against  the  volume 
expansion/contraction  during  the  cycling  [28,29].  Also  the  reaction 
mechanism  of  mio-SiO  with  Li  was  investigated. 

2.  Experimental 

2.1.  Synthesis 

The  d-SiO  was  prepared  as  follows.  Commercial  SiO 
(Aldrich,  -325  mesh)  was  heat  treated  at  1200  °C  for  12  h  under  an 
Ar  atmosphere  at  a  heating  rate  of  3  °C  min-1.  After  heat  treatment, 
the  furnace  was  cooled  automatically  to  room  temperature.  For  the 
preparation  of  m-SiO,  the  d-SiO  was  put  into  an  80  cm3  hardened 
steel  vial  with  stainless  steel  balls  (diameter:  3/8"  and  3/16")  at 
a  ball-to-powder  ratio  of  20:1  and  was  milled  at  800  rpm  for  3  h  or 
10  h  under  Ar  atmosphere  using  HEMM. 

2.2.  Electrochemical  measurements 

The  test  electrodes  consisted  of  the  active  powder  material 
(70  wt.%),  carbon  black  (Ketchen  Black,  15  wt.%)  as  a  conducting 
agent  and  poly  amide  imide  (PAI,  15  wt.%)  dissolved  in  N-methyl 
pyrrolidinone  (NMP)  at  60  °C  as  a  binder.  Each  component  was  well 
mixed  to  form  slurry,  using  a  magnetic  stirrer.  The  slurry  was 
coated  on  a  copper  foil  substrate,  pressed,  and  dried  at  200  °C  for 
4  h  under  a  vacuum.  A  coin-type  electrochemical  cell  was  used  with 
Li  foil  as  the  counter  and  reference  electrodes,  and  1  M  LiPF6  and 


20  (degree) 


Fig.  2.  (a)  XRD  patterns  of  SiO,  d-SiO,  and  m-SiO.  SEM  images:  (b)  m3-SiO  and  (c)  mi0-SiO. 
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Fig.  3.  Bright  field,  high-resolution  TEM  images,  and  SAED  pattern:  (a)  SiO  and  (b)  d-SiO.  TEM  images  of  mio-SiO:  (c)  Bright  field  TEM  image  and  (d)  Dark  field  TEM  image. 


10%  fluoro  ethylene  carbonate  (FEC)  in  ethylene  carbonate  (EC)/ 
diethyl  carbonate  (DEC)  (3:7  (v/v),  PANAX)  as  the  electrolyte.  The 
cell  assembly  and  all  of  the  electrochemical  tests  were  carried  out 
in  an  Ar-filled  glove  box. 

The  cycling  experiments  were  galvanostatically  performed 
using  a  Maccor  automated  tester  at  a  constant  current  of 
100  mA  g  1  for  the  active  material  within  the  voltage  range 
between  0.0  and  2.0  V  (vs.  Li/Li+).  During  the  discharging  step,  Li 
was  inserted  into  the  electrode  while  Li  was  extracted  from  the 
electrode  during  the  charge. 

2.3.  Characterization 

The  SiO,  d-SiO,  and  m-SiO  samples  were  characterized  using  an 
X-ray  diffractometer  (XRD,  Rigaku,  D-MAX2500-PC)  with  Cu-Koc 
radiation.  X-ray  photoelectron  spectroscopy  (XPS,  Kratos,  AXIS) 
analyses  were  conducted  to  identify  the  oxidation  states  of  the  SiO, 
d-SiO,  and  mio-SiO.  Ar  gas  sputtering  was  applied  to  etch  the 
surface  of  the  samples  to  a  depth  of  200  nm  to  avoid  surface 
impurities  in  the  samples.  The  deconvolution  of  the  Si  spectra  was 
carried  out  by  curve  fitting  the  spectra  using  Gaussian-Lorentzian 
mixtures.  Fourier  transform  infrared  spectroscopy  (FT-IR,  Nicolet 
6700)  analyses  were  performed  in  attenuated  total  reflectance 
(ATR)  mode.  Also,  the  phases  of  the  samples  were  identified  with 


a  high-resolution  transmission  electron  microscope  (HRTEM,  JEOL, 
JEM-3000F)  operating  at  300  kV.  Ex-situ  XRD  and  a  transmission 
electron  microscope  (TEM)  were  used  to  observe  the  structural 
changes  occurred  in  the  active  material  during  cycling.  A  scanning 
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Fig.  5.  (a)  XPS  spectra  of  SiO,  d-SiO  and  mi0-SiO.  (b)  FT-IR  spectra  of  SiO,  Si02,  d-SiO  and  mi0-SiO. 


electron  microscope  (SEM,  JSM-6360,  JEOL)  was  employed  to 
observe  the  particle  size  of  the  m-SiO.  To  prepare  the  ex-situ  XRD 
samples,  the  electrodes  were  detached  from  the  coin-type  elec¬ 
trochemical  cell,  washed  with  diethyl  carbonate  (DEC),  dried  for  3  h 
in  an  Ar-filled  glove  box,  and  coated  with  Kapton  tape,  which 
served  as  a  protective  film.  For  ex-situ  HRTEM  analyses,  samples 
were  detached  from  the  Cu  substrate  and  were  placed  into  a  glass 
vial  containing  DEC  solution.  After  ultrasonic  treatment,  a  droplet 
of  the  DEC  solution  containing  the  dispersed  active  material 
particles  was  placed  on  a  carbon-coated  TEM  grid.  All  XRD  and 
HRTEM  sample  preparation  processes  were  conducted  in  an  Ar 
atmosphere  glove  box. 

3.  Results  and  discussion 

Fig.  1  describes  the  sample  preparation  process  for  m-SiO.  As 
mentioned  previously,  the  basic  concept  is  that  the  SiO  would  be 
disproportionated  and  Si  nano-crystallites  would  be  embedded  in 
a  Si-suboxide/amorphous  Si02  composite  matrix  during  the  heat 
treatment.  Since  Si  nano-crystallites  and  amorphous  Si02  formed 
are  surrounded  with  inactive  Si-suboxide  and  did  not  reacted  with 
Li  in  previous  report  [12],  HEMM  process  is  employed  to  break  the 
Si-suboxide. 

Fig.  2  shows  XRD  patterns  and  SEM  images.  In  Fig.  2(a),  when 
SiO  is  disproportionated  at  1200  °C,  sharp  Si  peaks  appear  in  XRD 
patterns,  and  there  are  no  changes  in  XRD  patterns  after  the  HEMM 
process  for  3  h  and  10  h  (m3-SiO:  milled  for  3  h;  mio-SiO:  milled  for 
10  h).  SEM  images  of  m3-SiO  and  mio-SiO  show  the  change  of 
particle  size  due  to  the  HEMM  processing  time  in  Fig.  2(b)  and  (c), 
respectively.  The  particle  size  of  mio-SiO  is  under  10  pm,  which  is 
finer  than  that  of  the  m3-SiO. 

Fig.  3(a)  and  (b)  shows  HRTEM  images  and  selected  area  elec¬ 
tron  diffraction  (SAED)  patterns  of  SiO  and  d-SiO,  respectively. 
While  the  image  and  diffuse  ring  of  the  SAED  pattern  of  SiO  indicate 
an  amorphous  phase,  embedded  Si  crystallites  in  an  amorphous  Si- 


Table  l 

Abundance  percentages  for  Si  oxidation  states  of  Si  2p  spectra  with  SiO,  d-SiO  and 
mio-SiO. 


Sample 

Si0  (%) 

Si1+  (%) 

Si2+  (%) 

Si3+  (%) 

Si4+  (%) 

SiO 

11.7 

12.6 

18.3 

43.2 

14.2 

d-SiO 

16.7 

9.1 

4.9 

12.4 

56.9 

mio-SiO 

17.2 

8.9 

6.8 

14.7 

52.4 

oxide  matrix  could  be  observed  in  the  bright  field  image  of  d-SiO  in 
Fig.  3(b).  And  the  size  of  Si  crystallites  is  about  20-30  nm.  Bright 
and  dark  field  TEM  images  of  mio-SiO  are  shown  in  Fig.  3(c)  and  (d), 
respectively.  Due  to  the  size  reduction  of  particles  during  milling, 
embedded  Si  nano-crystallites  are  exposed  at  the  surface  of  the 


Fig.  6.  (a)  DCP  and  (b)  XRD  patterns  of  the  mio-SiO  electrode  at  the  first  cycle. 
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particle  amenable  to  lithiation,  from  which  the  morphology  of  m- 
SiO  is  complied  with  the  active  material-inactive  matrix  composite 
concept  shown  in  Fig.  1. 

Electrochemical  cell  tests  of  m-SiO  samples  are  carried  out,  and 
the  results  are  shown  in  Fig.  4.  The  discharge  and  charge  capacities 
of  the  m3-SiO  electrode  are  969.2  mAh  g-1  and  406.5  mAh  g-1, 
respectively,  while  those  of  mi0-SiO  are  1779  mAh  g-1  and 
1001.8  mAh  g-1,  respectively,  at  the  first  cycle.  However,  the  d-SiO, 
heat-treated  at  1200  °C  is  inactive  to  Li.  The  first  cycle  capacity  of 
the  d-SiO  electrode  only  comes  from  carbon  black,  which  is  used  as 
the  conducting  agent. 

XPS  analyses  are  conducted  to  identify  the  valence  state  of  the  Si 
2p  in  SiO,  d-SiO,  and  mio-SiO,  and  the  XPS  results  of  the  Si  2p 
spectra  are  shown  in  Fig.  5(a)  and  the  amounts  of  Si  oxidation  states 
are  summarized  in  Table  1.  The  results  of  XPS  analyses  agree  with 
the  previous  work  on  d-SiO  that  the  amount  of  Si0  (Si  nano¬ 
crystallites)  and  Si4+  (amorphous  Si02)  states  is  increased  after 
heat  treatment  [12].  The  XPS  spectrum  and  abundance  percentages 
for  Si  oxidation  states  of  Si  2p  spectra  with  mi0-SiO  are  almost  the 
same  as  those  of  d-SiO.  FT-IR  is  employed  in  the  absorbance  mode, 
and  the  spectra  are  compared  in  Fig.  5(b).  After  the  dispropor¬ 
tionation  reaction  of  SiO,  peak  is  shifted  close  to  the  Si02  peak 
(1056.82  cm-1)  from  the  peak  position  of  SiO  (1022.10- 
1049.10  cm-1).  The  peak  position  of  mi0-SiO  is  the  same  with 
that  of  d-SiO  (1049.10  cm-1).  According  to  the  results  of  XPS 
(increase  of  Si4+  ratio)  and  FT-IR  analyses  (peak  shift  to  the  left), 
some  parts  of  Si-suboxide  in  SiO  particle  changes  to  amorphous 
Si02  during  heat  treatment. 


Fig.  6(a)  is  the  differential  capacity  plot  (DCP)  of  the  mi0-SiO 
electrode  when  cycled  between  2.0  and  0.0  V  (vs.  Li/Li+)  for  the  first 
cycle.  Ex-situ  XRD  and  HRTEM  analyses  are  performed  to  investi¬ 
gate  the  reaction  mechanism  of  the  mi0-SiO  electrode  at  selected 
potentials  as  indicated  in  DCP.  In  Fig.  6(b),  the  XRD  patterns  show 
only  Si  peaks  (28.5°,  47.5°)  and  Cu  (foil)  peaks,  and  there  are  no 
changes  in  the  diffraction  peaks  during  the  first  cycle  except  for 
a  weakening  of  Si  peak  intensity  at  0.0  V.  And  no  peaks  corre¬ 
sponding  to  Si— Li  binary  and  Li-silicates  phases  are  observed  in 
XRD  patterns. 

Fig.  7(a)— (f)  shows  the  HRTEM  images  with  the  fast  Fourier 
transformed  (FFT)  patterns  of  the  mi0-SiO  electrode.  When  the 
potential  is  lowered  to  0.4  V  (Fig.  7(a)),  only  the  Si  crystallites  could 
be  identified.  At  0.2  V  (Fig.  7(b)),  the  LLjSiCH  phase  is  formed,  which 
indicate  the  evidence  of  the  existence  of  Li  reacting  amorphous  Si- 
oxide.  When  the  potential  reached  0.0  V  (Fig.  7(c)),  the  Li2iSis  phase 
and  unreacted  Si  phase  also  appear.  During  the  charge,  the  L^iSig 
phase  disappears  and  the  Si  phase  is  observed  at  0.2  V.  When  the 
potential  is  increased  further,  the  Si  and  LLjSiCH  phases  remained. 
According  to  previous  studies  on  the  reaction  mechanism  of  SiO 
with  Li,  some  Li-silicate  phases  are  reported  [13-17].  Among  Li- 
silicates,  the  LLjSiCU  phase  formed  during  the  lithiation  process  is 
irreversible  [18,30].  When  the  mio-SiO  electrode  is  electrochemi- 
cally  cycled,  the  Si  phase  is  always  observed  even  at  the  fully 
lithiated  state  (0.0  V),  which  agrees  with  the  previous  XRD  anal¬ 
yses.  This  suggests  that  some  of  the  Si  nano-crystallites  surrounded 
with  Si-suboxide  still  exist  after  the  HEMM  process,  and  the  Si 
nano-crystallites  can’t  react  with  Li  during  the  lithiation. 


Fig.  7.  Ex-situ  HRTEM  images  with  FFT  patterns  of  the  mio-SiO  electrode.  Lithiation  process:  (a)  0.4  V,  (b)  0.2  V,  (c)  0  V,  and  the  delithiation  process:  (d)  0.2  V;  (e)  0.4  V;  and  (f)  1.0  V. 
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Fig.  8.  The  comparisons  of  the  cyclabilities  for  the  SiO,  m3-SiO  and  mio-SiO  electrodes. 


Based  on  the  above  results,  Si-oxide  matrix  which  surrounds 
the  Si  nano-crystallites  could  be  divided  into  two  parts  by  reac¬ 
tivity  with  Li  ions  as  mentioned  above.  SiO  which  is  dis- 
proportionated  at  1200  °C  doesn’t  react  with  Li  in  spite  of  the 
presence  of  embedded  Si  nano-crystallites  since  the  Si  suboxide 
surrounded  the  Si  nano-crystallites  and  like  a  frog-spawn  struc¬ 
ture  [12,15].  After  the  HEMM  process,  the  Si-suboxide  layer  is 
partially  broken,  and  the  m-SiO  can  react  with  Li,  and  its  reversible 
capacity  increases  with  the  HEMM  processing  time.  Among  Si- 
oxide  matrix,  an  amorphous  Si02  (Si4+)  phase  can  react  with  Li 
to  form  two  Li  silicate  phases,  Li4Si04  and  Li2Si205  during  the 
lithiation  [30].  In  this  work,  only  Li4Si04  phase  is  identified  while 
Li2Si205  phase  is  not  detected.  Other  Si-suboxides  might  not  react 
with  Li. 

Fig.  8  shows  the  comparison  of  cyclabilities  of  the  SiO,  m3-SiO, 
and  mio-SiO  electrodes.  The  SiO  electrode  shows  a  very  poor 
cyclability  while  m-SiO  electrodes  show  better  cyclability  since 
SiO  particle  suffers  a  relatively  large  volume  change  during  the 
cycling.  However,  volume  change  of  m-SiO  particles  during  the 
cycling  is  restrained  by  the  Si-suboxide  matrix,  and  the  Si  nano¬ 
crystallites  and  amorphous  Si02  react  with  Li  to  form  Li2iSig 
and  Li4Si04  phases,  respectively.  In  general,  use  of  the  carbon 
matrix  in  metal-carbon  composites  has  shown  better  cycle 
retention  and  is  easy  to  apply  for  various  materials  [31-33],  but  it 
affects  charge  capacity  adversely  [9].  Due  to  the  excellent  cycla¬ 
bility  of  the  m-SiO  electrode,  it  is  not  necessary  to  employ  the 
carbon  matrix  for  improvement  of  cycle  retention  in  this  case. 
Among  the  two  m-SiO  electrodes,  the  mi0-SiO  electrode  shows 
a  much  higher  reversible  capacity  of  ~  1000  mAh  g-1  during  50 
cycles  than  that  of  the  m3-SiO  electrode  (~  500-600  mAh  g-1 
during  50  cycles).  The  reversible  capacity  of  the  mio-SiO  is 
higher  than  that  of  the  SiO /C  composite  reported  [11,12].  This 
shows  that  the  HEMM  process  is  an  effective  method  for 
decreasing  the  particle  size  of  m-SiO,  as  shown  in  Fig.  2(c)  and 
(d),  and  also  for  exposing  the  Si  nano-crystallites  and  amorphous 
Si02  of  the  mio-SiO  to  the  electrolyte. 


4.  Conclusions 

An  m-SiO  for  use  as  a  Li-ion  battery  anode  material  is  prepared 
using  the  disproportionation  reaction  of  SiO  followed  by  the  HEMM 
process.  This  m-SiO  consists  of  embedded  Si  nano-crystallite  and 
a  Si-suboxide/amorphous  Si02  composite  matrix.  During  the  lith¬ 
iation  step,  Li4Si04  and  Li2iSig  phases  appear  while  the  Li4Si04 
phase  is  the  irreversible.  Among  the  samples  tested,  the  mio-SiO 
shows  a  high  capacity  of  about  1000  mAh  g1  and  good  cycle 
retention  without  any  carbon  matrix.  These  results  are  attributed  to 
the  buffering  effect  of  the  Si-suboxide  matrix  against  the  volume 
change  of  the  electrode  during  the  cycling,  and  the  mi0-SiO 
material  could  be  a  promising  anode  material  for  LIBs. 
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